Introduction
Thioethers and selenoethers are soft, moderate σ-donor ligands with a high affinity for medium and low oxidation state transition metal ions in particular, whilst a significant body of work concerning high oxidation state early transition metals, f-and p-block acceptors has emerged over the last decade or so. 1 In contrast, examples showing thioether or selenoether coordination towards the oxophilic s-block cations are much rarer. [2] [3] [4] Within Group 2, while there are no complexes with neutral acyclic thio-or seleno-ether coordination, a small number of examples containing Ca-S/Se and Sr-S/Se coordination, based upon 15-and 18-membered oxa-thia and oxaselena macrocycles, have been reported recently. ([18] aneO 4 E 2 )] (M = Ca, Sr; E = S, Se; [18] aneO 2 S 4 = 1,10-dioxa-4,7,13,16-tetrathiacyclooctadecane, [18] aneO 4 S 2 = 1,4,10,13-tetraoxa-7,16-dithiacyclooctadecane; [18] aneO 4 Se 2 = 1,4,10,13-tetraoxa-7,16-diselenacyclooctadecane), all of which are eight-coordinate with the macrocycle hexadentate (d(Ca-S/Se) ∼ 3.0 Å) and the iodides mutually cis. The lower lattice energies of the alkaline earth diiodides (MI 2 ) compared to MCl 2 or M(CF 3 SO 3 ) 2 , etc., leads to MI 2 being suitable metal sources for this chemistry due to their higher solubilities in non-competitive solvents. 3 The lower charge : radius ratio of the Group 1 cations is expected to lead to considerably lower affinity of these cations for soft thio-or seleno-ether coordination. This is supported by early data on binding constants for alkali metal cations towards the oxa-thia analogues of 18-crown-6. Thus, the stability constant for K + / [18] aneO 5 S (1,4,7,10,13-pentaoxa-16-thiacyclooctadecane) and K + / [18] aneO 4 S 2 are more than 10 2 and 10 6 times lower than for K + /18-crown-6, respectively, in methanol.
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Unsurprisingly therefore, well-characterised complexes of the Group 1 metals with similar soft donor ligands are extremely rare. There are no complexes with simple neutral acyclic thioethers, and only two prior examples with oxa-thia macrocycles, the K + and Na + cations with [18] Na⋯S = 3.11(1) Å, although the presence of Cu-S coordination in these structures clearly has a significant influence. 4 We have exploited the high solubility of alkali metal salts with diffuse, weakly coordinating anions in weakly coordinating (non-competitive) solvents, as a source of 'naked' alkali metal cations, as a synthetic entry to promote their coordination towards soft, neutral donor ligands. Even so, it was surprising to us to find that this can lead to homoleptic octathia coordination to Na + in the macrocyclic complex [Na ([24] or o-C 6 H 4 (PMe 2 ) 2 ). 7 Further interest in caesium-sulfur coordination comes from the important role of Cs 2 CO 3 in the formation of thioether macrocycles via high dilution cyclisation reactions in dmf solution. 8 The key role in the cyclisation reaction is the formation of a Cs + -thiolate ion pair, however, despite the widespread application of this procedure for thioether macrocycle formation, evidence of caesium-thioether coordination, i.e. following ring-closure, has remained elusive.
We report here the results of a systematic study of the preparation, spectroscopic and structural features of a series of complexes of the Group 1 cations with hexadentate, 18-membered ring macrocycles containing both hard (O) 125.20 (C, q, J C-F = 272 Hz, CF 3 ), 118.08 (CH, septet, 3 J C-F = 4.0 − coordination is retained in solution). However, these measurements do not provide unequivocal evidence for coordination of the soft S or Se donor atoms.
X-ray structures and comparisons
The paucity of complexes with thio-or seleno-ether coordination to a Group 1 cation in the literature means that structural authentication of the new complexes was essential to establish their identities. Furthermore, it is difficult to draw comparisons with other structures, and determining the significance of particular metal-ligand interactions is somewhat uncertain. Table 2 provides the sums of the relevant radii, on one hand the sum of the ionic radii of the cations and the covalent radii of the donor atoms (O, S, Se and F) and on the other the sum of the van der Waals radii for the relevant metal-donor atom combinations. Distances close to the former are considered to be 'normal' coordinate bonds, while in identifying weak interactions, for example, between the metal cation and the CF 3 groups from [BAr F ] − anions, we have chosen to include any M⋯X distances at least 0.5 Å below the sum of the van der Waals radii. Although the precise cut-off is somewhat arbitrary, it seems to be a reasonable basis on which to describe the overall coordination in these complexes. It is also pertinent to note that due to the disorder present in Scheme 1 Synthesis of the complexes reported in this work. , also leads to a structure comprising of discrete cations and anions, with three crystallographically independent, but structurally similar, variants of each in the asymmetric unit. Each Li is six-coordinate, encapsulated by the macrocycle which is folded to accommodate a distorted octahedral geometry at lithium (Fig. 2) . The distortion from ideal octahedral is significantly less than in the [18] but not isostructural, with their direct Li analogue, again with two crystallographically independent cations (the Na1-centred one of which is partly disordered, hence the structural description below is concerned with the Na2-centred cation) and two (15), O2-Li1-S3 = 80.9(6), O1-Li1-S1 = 82.1(6), O2-Li1-S2 = 84.2(6), S1-Li1-S2 = 81.5(4), O1-Li1-S4 = 79.9(5), S3-Li1-S4 = 85.6(5). Fig. 3 The structure of the Na2-centred cation in [Na( [18] ] showing the interaction to a fluoride from the anion, with ellipsoids drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): Na2-O5 = 2.389(4), Na2-O6 = 2.355(4), Na2-O7 = 2.394(4), Na2-O8 = 2.395(4), Na2⋯F26 i = 3.306(3), Na2-S3 = 2.849(2), Na2-S4 = 2.890(2), O6-Na2-O5 = 71.64(12), O7-Na2-O8 = 71.55(12), O5-Na2-S3 = 72.14(10), O8-Na2-S3 = 73.73(10), O6-Na2-S4 = 73.64(10), O7-Na2-S4 = 70.74(9), S3-Na2-S4 129.77(8). Symmetry operation: (i) −1 + x, −1 + y, z.
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This anions in the asymmetric unit. In this case, the Na-macrocycle coordination is quite similar to that in the Li analogue, with d(Na-O) in the range 2.355(4)-2.395(4) Å and d(Na2-S) (2.849(2) and 2.890(2) Å) all somewhat elongated. This is a consequence of the larger ionic radius of the Na + centre, hence the ligand is less puckered, and the angles involved in the fivemembered chelate rings span a narrower range (∼71-74°), with <S3-Na2-S4 = 129.77(8)°. Notably in this species there is an additional weak interaction to one F atom derived from a CF 3 group in the anion, Na2⋯F26 i = 3.306(3) Å (Fig. 3) , leading to overall seven-coordination at the sodium centre through weakly associated ion pairs.
[Na( [18] aneO 4 Se 2 )][BAr F ] crystallises with three crystallographically distinct cations (the Na3-centred cation shows some disorder and is therefore excluded from the structural description) and three [BAr F ] − anions in the asymmetric unit. The Na1 centre is seven-coordinate through a puckered hexadentate macrocycle and one long, weak Na⋯F interaction (this is of borderline significance based on our criteria stated above; however the corresponding distances in the Na2 and Na3-centred cations are slightly shorter) (Fig. 4) , with a near planar O 3 Se donor set and the remaining donor atoms above and below that plane. Similar coordination environments are Fig. 4 The structure of the Na1-centred cation in [Na( [18] ] showing the interaction to fluoride from the anion, with ellipsoids drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): Na1-O3 = 2.332(7), Na1-O1 = 2.380(7), Na1-O4 = 2.393(6), Na1-O2 = 2.396(7), Na1-Se1 = 2.942(3), Na1-Se2 = 2.967(3), Na1⋯F5 = 3.501(6), O3-Na1-O4 = 72.3(2), O1-Na1-O2 = 71.9(2), O1-Na1-Se1 = 74.90(18), O4-Na1-Se1 = 73.16 (17) , O3-Na1-Se2 = 74.54(17), O2-Na1-Se2 = 71.74(16), Se1-Na1-Se(2) = 121.13(13). showing the interactions to fluorides from the anions, with ellipsoids drawn at the 50% probability level. The other crystallographically independent cation adopts a similar structure. Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): Na1⋯F1 = 2.8766(13), Na1-O1 = 2.5526(13), Na1-S1 = 2.8823(6), Na1-S2 = 3.0718(7), O1-Na1-S1 = 67.26(3), O1-Na1-S2 = 66.22(3), S1 i -Na1-S2 = 69.427(14), S1-Na1- present in the other cations, although there is a spread of bond distances, d(Na-O) = 2.315(7)-2.479(7), d(Na-Se) = 2.942(2)-2.986(4) Å. The latter are in line with the increased covalent radius of Se over S; otherwise the Na coordination environments are very similar to [Na( [18] (Fig. 5a) , and only one centrosymmetric cation and one anion (with crystallographic 2-fold symmetry) in the asymmetric unit. The macrocycle adopts a chair conformation with all four S atoms coordinated and the S 4 donor set planar, d(Na-S) = 2.8823(6), 3.0718 (7) on opposite sides of the macrocycle give a distorted dodecahedral geometry overall at sodium, and give rise to the polymeric chain structure (Fig. 5b) .
To provide a benchmark comparison for the mixed donor macrocyclic complexes in this work, we also prepared and determined the structure of [Na (18- 
The structure also shows a 1D chain polymer with eight-coordinate Na.
There are two 50% occupancy (centrosymmetric) Na environments in the asymmetric unit, one of which (Na2-centred cation) shows severe rotational disorder of the macrocycle, while the other refines much better and is therefore the focus of the structural description and illustrated in Fig. 6a (Fig. 7) . All of the bond distances at K1 are elongated by ca. 0.1 Å compared to the Na analogue. This is less than expected based purely on the difference in the ionic radii of the metal ions (0.33 Å for 
This journal is © The Royal Society of Chemistry 2015 (Fig. 9 ) is isomorphous and isostructural with the tetraoxa-dithia analogue, and presents the first known complex containing potassium-selenoether coordination, d(K-Se) ca. 3.3 Å. (Fig. 11) shows one cation and one anion in the asymmetric unit, and forms a 2D sheet polymer. The hexadentate macrocycle occupies one face of the Cs + cation (Cs-S ∼ 3.5 Å), with four CF 3 groups (each from a different [BAr F ] − anion) also coordinated through the other face, although the precise coordination at Cs cannot be confirmed due to disorder of the CF 3 groups. There is also one longer Cs⋯F interaction through the centre of the macrocycle of ∼4.2 Å. ] showing the interactions to fluoride from the anions, with ellipsoids drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): Rb1-O1 = 2.944(3), Rb1-O2 = 3.026(3), Rb1-O3 = 2.981(3), Rb1-O4 = 3.030(7), Rb1-S1 = 3.35564 (12) , Rb1-S2 = 3.2897(13), Rb1⋯F7 = 2.965(3), Rb1⋯F8 = 3.269(2), Rb1⋯F37 = 3.249(2), Rb1⋯F44 = 3.269(2), Rb2-O5 = 2.901(3), Rb2-O6 = 2.907(2), Rb2-S3 = 3.2690(12), Rb2⋯F23 = 2.818(7); O1-Rb1-O2 = 56.42(7), S2-Rb1-S1 = 146.62(3), O2-Rb1-S2 = 58.98(6), O3-Rb1-O4 = 57.34(14), O4-Rb1-S1 = 58.25(14), O1-Rb1-S1 = 57.99(6), O3-Rb1-S2 = 58.10(6), O5-Rb2-O6 = 59.10(8), O5-Rb2-S3 = 62.33(6), O6-Rb2-S3 i = 61.72(6). Symmetry operation: (i) 1 − x, 1 − y, −z.
This journal is © The Royal Society of Chemistry 2015 examples of lithium-, rubidium-or caesium-thioether coordination, and no Group 1 cation-selenoether complexes. The solution lability of the Group 1 complex cations limits the information that can be obtained from spectroscopic studies on these complexes, hence we have determined their crystal structures to establish unequivocally the metal coordination environments present. The M-S and M-Se distances determined, together with the endocyclic conformations of the macrocycles in all of the new complexes (which contrast with the exocyclic conformations adopted by the metal-free macrocycles 3, 24 ) are strongly indicative of significant, directional M-S/Se bonding interactions. Thus, in all the complexes reported, the macrocycle is hexadentate, while the flexibility of the saturated ring allows for very different degrees of ring puckering as the metal ion radius varies. Also notable, is the presence of M⋯F-CF 2 -interactions of variable significance across all examples, except with the smallest Li + cation. These contacts serve to fill available spaces in the metal coordination spheres. Hence, while discrete distorted octahedral cations with O 4 S 2 and O 2 S 4 donor sets are present in the Li + salts, higher coordination numbers are observed in all of the other cations; Na: CN = 7 or 8; K: CN = 8; Rb: CN = 9; Cs: CN = 8 or 10. Although unexpected, these M-S/Se interactions clearly make a favourable contribution to the stability of the cations since other conformations of the macrocycles with O-only coordination are possible. 
